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ABSTRACT 
 
Heavy metals can be introduced into cement as impurities during its manufacturing or 
intentionally added to make the firing process of clinker more effective. Waste 
solidification/stabilization is another route through which heavy metals come in contact with 
cement paste or concrete. It has been reported extensively in the literature that some of the heavy 
metals can have detrimental effects on the early and late-age properties of cement paste/concrete 
even at very small dosages. Zinc is one of the heavy metals known to retard the setting and 
hardening of cement paste/concrete, and its effects can be very severe depending on the dosage. 
Research in the past has primarily focused on understanding the effect of zinc on the 
mechanical and late-age properties of concrete. Very limited research has been conducted with the 
objective of understanding the mechanism behind the retardation and proposing solutions to 
mitigate it. This project was undertaken to develop a better understanding of the cement-zinc 
system and contribute to the narrow pool of research. The cement-zinc system was studied at very 
early ages (first 48 h) as it provided sufficient time for the system to transition from the period of 
retardation and reach a similar state as a pure cement system. The following characterization 
techniques were used through the project: isothermal calorimetry, pore solution analysis through 
x-ray fluorescence (XRF), Fourier transform infrared spectroscopy (FT-IR), and scanning electron 
microscopy (SEM). 
This study sheds more light on the chemistry of the cement-zinc system, and a hypothesis 
to explain the observed effects has been proposed. The complexity of the chemical environment 
of a cement paste, and an incomplete understanding of even a pure cement system necessitates a 
deeper investigation into the cement-zinc system. However, this study will provide researchers a 
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starting point to continue the efforts on understanding not only the effects of zinc but also the 
underlying processes in a pure cement paste. 
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LIST OF SYMBOLS 
 
The following abbreviations have been used in this thesis: 
OPC = Ordinary Portland cement 
C = CaO 
A = Al2O3 
S = SiO2 
Ŝ = SO3 
F = Fe2O3 
H = H2O 
CH = Ca(OH)2 
C3S = 3CaO.SiO2  
C2S = 2CaO.SiO2 
C3A = 3CaO.Al2O3 
C4AF = 4CaO.Al2O3.Fe2O3  
CŜH2 = CaSO4.2H2O 
C6AŜ3H32 = 3CaO.Al2O3.3CaSO4.32H2O  
C4AŜH12 = 3CaO.Al2O3.CaSO4.12H2O  
C-S-H = Calcium silicate hydrate 
ZN = Zn(NO)3.6H2O 
ZO = ZnO 
CCl = CaCl2 
CZ = CaZn2(OH)6.2H2O
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CHAPTER 1: INTRODUCTION 
 
Waste from the metal industry can be rich in heavy metals such as lead, zinc, copper, and 
chromium. To prevent soil contamination, heavy metals in the industrial sludge are first solidified 
by providing an alkaline environment and then stabilized in a dense solid matrix. In an alkaline 
environment, the heavy metals exist as solid hydroxides which makes the physical stabilization 
process very effective. Cement paste or concrete is an extremely viable option to achieve this 
solidification/stabilization. It not only provides an alkaline environment to precipitate the heavy 
metal ions as their respective hydroxides but also fixes the precipitates very effectively in its dense 
matrix. Heavy metals can also be present as impurities in the raw material used to manufacture 
cement and, in some instances, they can be intentionally added to facilitate the crystallization 
process of cement phases. 
The aforementioned heavy metals are known to affect the reaction of cement with water 
and its rate of setting and strength development which can be a major concern with respect to not 
only the structural performance of concrete but also its effectiveness as a stabilizing medium. Zinc, 
in particular, causes a severe retardation of the setting of cement paste/concrete. Moreover, at very 
high dosages, it can result in the cement paste/concrete not developing any strength at all. Even 
though significant research has been conducted to study the effects of zinc on the properties of 
cement paste/cement mortar/concrete, the focus has largely been on the late-age strength and 
durability instead of the early-age behavior. Very few researchers have studied the chemical 
composition, or the microstructure of cement pastes doped with zinc at early ages and even fewer 
researchers have endeavored to understand the mechanism behind the retardation. However, there 
is inadequate support for any of the proposed mechanism hypotheses and the precise mechanism 
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is still debated. The lack of a complete understanding of the mechanism of pure cement hydration 
is also a major factor in this uncertainty. A cement paste is a very complex system consisting of 
several phases which influence the reactions of each other. The system becomes even more 
complicated when zinc or any other heavy metal is added. Nevertheless, the findings in the 
previous research act as a milestone to continue the research and add to the existing database which 
with continued efforts can help the scientific community formulate a complete hypothesis for the 
retardation due to zinc. 
The said retardation of the reaction of cement with water results in a period of dormancy 
during which very little reaction progress occurs. This period is referred to as the “induction 
period” which is the central topic investigated in this thesis. A more detailed explanation of the 
composition of cement and its reaction kinetics is presented in Chapter 2 which also discusses the 
behavior of zinc in an alkaline solution along with its effect on the reaction kinetics of cement. A 
detailed review of the proposed mechanisms behind the retardation is also included in Chapter 2. 
Chapter 3 covers the experimental plan employed in this study. Isothermal calorimetry on cement 
pastes, x-ray fluorescence (XRF) on solutions extracted from cement suspensions, Fourier 
transform infrared spectroscopy (FT-IR), and scanning electron microscopy (SEM) were used to 
examine the cement-zinc system. Experiments were performed on both typical and dilute pastes 
with varying zinc dosages to study the ongoing processes in the first 48 h. Based on the literature, 
two entities (Ca2+ and OH- ions) were determined to be critical in the effectiveness of zinc as a 
retarder. Their effect was also investigated using the aforementioned techniques. The results are 
presented and discussed in Chapters 4 and 5. Conclusions are presented in Chapter 6 where a 
hypothesis for the retardation has also been proposed. 
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CHAPTER 2: LITERATURE REVIEW 
 
2.1 Early-age hydration of cement 
2.1.1 Composition of cement 
Cement clinker is the final product obtained from firing calcareous (calcium-rich) and 
argillaceous (silicon and aluminum-rich) materials together at a temperature of 1450 ℃ in a kiln. 
It has a typical composition of 67% CaO, 22% SiO2, 5% Al2O3, 3% Fe2O3, and 3% other 
components like K2O, Na2O, and MgO. The clinker consists of four major phases: alite, belite, 
aluminate, and ferrite, along with additional phases that result from the impurities in the raw 
material. A small amount of calcium sulfate (typically gypsum; CaSO4.2H2O) is added to the 
cement clinker which is then finely ground to a typical particle size range of 2-90 μm to produce 
what is known as ordinary Portland cement (OPC) (from here on, the term “cement” will be used 
to refer to OPC). The phase alite constitutes the majority (50-80 wt.%) of cement. It is essentially 
tricalcium silicate (Ca3SiO5 or 3CaO.SiO2 or C3S) with the composition and crystal structure 
modified due to ionic substitutions. Similarly, belite which forms the second most abundant phase 
in cement (15-30 wt.%) is a modified dicalcium silicate (Ca2SiO4 or 2CaO.SiO2 or C2S). The 
aluminate phase which is an altered form of tricalcium aluminate (Ca3Al2O6 or 3CaO.Al2O3 or 
C3A) comprises about 5-10 wt.% of cement. The ferrite phase, an imperfect form of tetracalcium 
aluminoferrite (Ca4Al2Fe2O10 or 4CaO.Al2O3.Fe2O3 or C4AF) constitutes 5-15 wt.% of cement and 
is generally the least abundant phase of the four phases. 
{References for this section: [1], [2], [3]}  
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2.1.2 Reactions of cement phases with water 
Cement reacts with water to yield various products which result in hardening of the mixture 
(from here on, the term “cement paste” will be used to refer to the mixture of cement and water). 
This reaction is referred to as “cement hydration” and is an exothermic process. The four major 
phases i.e. C3S, C3A, C2S, and C4AF react to produce the bulk of the hydration products. As the 
reaction progresses and hydration products form, the cement paste begins to stiffen, also referred 
to as “setting”. The cement paste ultimately hardens which gives it its structural properties. 
C3S and C2S have very similar reactions with water and both produce calcium hydroxide 
(Ca(OH)2 or CH) and an amorphous gel-like product, calcium silicate hydrate (C-S-H). The 
notation C-S-H is used to imply that the compound has a composition of CaO.SiO2.H2O but its 
stoichiometry is variable. The reactions are shown in Equations 1 and 2. The values of x and n are 
typically assumed to be 1.7 and 4 respectively. 
 C3S + (3 − x + n)H → CxSHn + (3 − x)CH (1) 
 C2S + (2 − x + n)H → CxSHn + (2 − x)CH (2) 
C3A and C4AF undergo much more complex reactions and only a brief overview of the 
reactions is presented here. In the absence of gypsum, both C3A and C4AF produce aluminate 
hydrates (Equations 3 and 4). Gypsum is added to cement to prevent this reaction in the beginning 
as both phases react very rapidly generating high amounts of heat causing a faster setting of the 
cement paste which is undesirable. In a typical cement with sufficient gypsum, both C3A and C4AF 
react with gypsum first to produce a crystalline product called ettringite (Equation 5). Ettringite is 
an unstable form which later converts to a more stable phase called monosulfate (Equation 6). 
 2C3A + 27H → C4AH19 (or C4AH13) + C2AH8 (3) 
 C4AH19 + C2AH8 → 2C3AH6 (4) 
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 C3A + 3CŜH2 + 26H → C6AŜ3H32 (ettringite) (5) 
 C6AŜ3H32 + 2C3A + 4H → 3C4AŜH12 (monosulfate) (6) 
It is important to remember that the hydration of cement is not a simple overlap of the 
hydration of pure phases. The hydration of the four major phases has been studied individually in 
great detail with pastes at low water-binder ratios as well as suspensions at very high water-binder 
ratios. However, their behavior in a cement paste is always different since their hydration is 
affected by the presence of other major as well as minor phases. 
{References for this section: [1], [2]} 
2.1.3 Hydration kinetics  
The reaction kinetics of each cement phase is different with some phases considerably more 
reactive than others. C3S, C3A, and C4AF are highly reactive and contribute to the heat generated 
at early ages. On the other hand, C2S is relatively less reactive and contributes to the hydration 
products and strength primarily at later ages. This is illustrated by the fact that about 70% of the 
alite hydration completes within the first 28 days whereas only 30% belite reacts over the same 
duration. Moreover, the reaction of belite only becomes significant after approximately 10 days. 
The hydration kinetics of cement can be visually presented in the form of a heat evolution 
curve obtained from calorimetry. Figure 1 shows a typical heat evolution plot of cement paste. The 
individual heat flow plots of C3S and C3A+gypsum also exhibit a similar profile. The entire plot 
is usually divided into four stages: I. initial reaction, II. induction period or period of slow reaction, 
III. acceleration period, and IV. deceleration period. The distinction between the stages is 
approximate and is only used to better understand the ongoing processes in the system. 
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Figure 1. Typical calorimetry plot of ordinary Portland cement showing the different stages in the 
hydration process [4] 
The underlying reactions and processes in each stage are discussed below. 
(i) Stage I (Rapid dissolution and early reaction period): 
During stage I, which lasts only for a few minutes, there is a rapid and an overall 
exothermic dissolution of primarily free lime (CaO), alkalis, gypsum, C3A, and C4AF along with 
some C3S to release Ca
2+, SO4
2-, Al(OH)4
- (aluminate), SiO4
4- (silicate), K+, Na+ and OH- ions into 
the solution. The Ca2+, SO4
2-, and Al(OH)4
- ions react to form ettringite which precipitates as a 
layer on the cement particles. The pH of the solution also increases rapidly due to the dissolution 
of the alkalis as well as the formation of some Ca(OH)2. The primary dissolution and precipitation 
reactions occurring in stage I are shown below. 
 C3A → 3Ca
2+ + 2Al(OH)4
− + 4OH− (7) 
 CaO → Ca2+ + 2OH− (8) 
 (C, N, K)Ŝ → (Ca2+, Na+, K+) + SO4
2− (9) 
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 C3S → C − S − H (initial coating) + xCa
2+ + 2xOH− (10) 
(ii) Stage II (Induction period): 
After the initial highly exothermic reactions, there is a period of slowdown of cement 
hydration which is also referred to as the “induction period”. It is not a period of complete 
inactivity and the heat generation depends on the chemistry of the cement as well the presence of 
additives. The induction period is primarily studied using pure C3S as it forms the major part of 
cement and it is agreed upon that the progress of cement hydration closely mimics that of C3S. The 
study of the chemical processes and kinetics of cement hydration is further exacerbated by the 
presence of other phases and their interaction with C3S. Nonetheless, significant progress has been 
made in the area of cement chemistry and several mechanisms have been proposed to explain the 
occurrence of the induction period. An overview of only two major theories that are widely 
accepted by the scientific community has been presented below. 
Metastable barrier hypothesis: 
The metastable barrier hypothesis proposes that the decline in chemical activity after stage 
I happens due to the covering of the cement surface by a continuous metastable layer of calcium 
silicate hydrate that prevents the ions from moving to the solution as well the contact of unreacted 
cement surface with water. However, this theory does not explain the termination of the induction 
period and it is supposed that some chemical process that occurs during the induction period 
destabilizes the continuous layer allowing for further hydration. 
Slow dissolution step hypothesis: 
The second theory that has gained more traction in recent years and is being supported by 
some of the top researchers in the area of cement chemistry is the slow dissolution step hypothesis. 
This hypothesis states that at high levels of undersaturation with respect to Ca2+ and SiO4
4- ions 
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that exist when water first comes in contact with cement, the rate of dissolution is fast and the 
formation of etch pits is energetically favorable. However, as the dissolution progresses, and the 
concentrations of the Ca2+, SiO4
4-, and OH- ions rise in the solution, the degree of undersaturation 
diminishes thus reducing the rate of dissolution as well (Figure 2). This leads to a period of slow 
reaction also called the induction period. 
 
Figure 2. Change in the dissolution rate of alite with decreasing undersaturation of ions (the step retreat 
region is believed to be the cause of the induction period) [5] 
(iii) Stage III (Acceleration period): 
During stage III of cement hydration, there is a rapid surge in the reaction activity and a 
corresponding heat generation. The end of the induction period is typically associated with a rapid 
precipitation of Ca(OH)2 which is believed to be the trigger for the acceleration period. It is widely 
agreed upon that the underlying process during this acceleration period is the nucleation and 
growth of C-S-H. As C-S-H nucleates heterogeneously on the surface of alite, more nucleation 
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sites are created which in turn lead to a more rapid homogeneous precipitation of C-S-H. This 
exponential nature of the process results in the acceleration period. This hypothesis is also 
supported by the fact that C-S-H, when added as a nucleation seed to the cement paste, accelerates 
the reaction. At the same time, there is a rapid precipitation of Ca(OH)2 as well. 
(iv) Stage IV (Deceleration period): 
The last stage in cement hydration is the reduction in the heat of hydration beyond the peak. 
The reason for the slowing down of the reaction is still debated and two popular mechanisms are 
usually used to explain this behavior: diffusion control, and space filling. The diffusion control 
theory hypothesizes that the rate of C-S-H growth diminishes due to the covering of alite particles 
by a thick layer of C-S-H which slows the diffusion of ions and water through the layer resulting 
in a slower reaction. The second hypothesis postulates that the deceleration of reaction occurs due 
to less alite surface available for growth of C-S-H in addition to less pore volume being available 
for product growth. As the C-S-H grows outward from different particles, it starts to impinge which 
leads to a retardation of the reaction. 
It is important to note that often there is a shoulder to the right of the main hydration peak 
which is attributed to the renewed reaction of C3A to form ettringite. However, this shoulder may 
not always be distinguishable as its presence depends on the kinetics of C3A with respect to that 
of C3S. 
{References for this section: [1], [2], [4], [6], [7], [8]} 
2.2 Zinc in cement 
In the manufacturing of cement clinker, transition element oxides such as CuO and ZnO 
may be mixed with the raw material due to their effective mineralizing properties. In addition, 
cement-based solidification/stabilization is widely used to treat industrial sludge contaminated 
10 
 
with heavy metal compounds. It has been reported extensively in the literature that the hydration 
kinetics and mechanical properties of concrete are affected significantly by the incorporation of 
these compounds in the cement matrix. This chapter aims to provide an extensive background on 
the effect of zinc compounds on the early hydration kinetics and the chemical evolution of the 
cement-zinc system without focusing on the late-age properties. Furthermore, the underlying 
mechanisms proposed by researchers have been discussed in detail. The behavior of zinc in simple 
alkaline solutions has been presented first since the chemical environment of a cement paste is 
highly alkaline (pH ~12.5). It is important to understand the behavior of zinc in a simple system 
before diving into its possible chemistry in a highly complex system such as a cement paste. 
2.2.1 Zinc in alkaline solution 
Zinc is amphoteric in nature. In alkaline solutions, zinc forms various entities depending 
on the pH of the solution which include both aqueous and precipitated Zn(OH)2, and zincate ions 
[Zn(OH)3
-/Zn(OH)4
2-] where it is generally agreed upon that Zn(OH)4
2- is the more prominent 
species. Moreover, the solubility of zinc in alkaline solutions increases with the pH up to a certain 
alkali concentration beyond which it starts to reduce again. Dirkse [9] showed that in the 
concentration range of 1-7 M KOH, all the zinc exists as zincate ion, Zn(OH)4
2-. He also calculated 
the standard free energy of formation (-206.2 kcal) which shows that formation of the zincate ion 
in a highly alkaline solution is a spontaneous process. Even though, the precise mechanism of the 
formation of zincate ions is not known, the fundamental reaction of zinc with hydroxyl ions to 
form the zincate ions is shown in Equations 12-13. The reaction of zinc in a moderately basic 
solution to form Zn(OH)2 is also shown in Equation 11. 
 Zn + 2H2O → Zn(OH)2 + 2H
+ (11) 
 Zn(OH)2 + OH
− → Zn(OH)3
− (12) 
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 Zn(OH)2 + 2OH
− → Zn(OH)4
2− (13) 
If Ca(OH)2 is added to a solution containing zincate ions, precipitation of a compound 
called calcium zincate (CaZn2(OH)6.6H2O or CZ) can occur according to Equation 14. Researchers 
have tried to measure the kinetics of CZ formation. In one such study, Sharma [10] observed that 
CZ precipitation did not occur for a certain period of time, which he also referred to as an 
“incubation period”. Moreover, he observed that the rate of CZ formation increased with more 
precipitation of CZ and when CZ was added as a nucleation seed. He concluded that CZ crystals 
act as nucleation sites for further CZ precipitation. He also concluded that the dissolution of ZnO 
to form zincate ions was not the rate controlling step and it was much faster than the rate of its 
reaction with Ca(OH)2 to form CZ. Figure 3 shows a plot from the study where the y-axis is a 
measure of the degree of CZ precipitation. It can be clearly seen that there is an incubation period 
followed by a period of rapid CZ formation followed by a period of slow growth. Wang and 
Wainwright [16] observed similar results with a CZ formation plot similar to Figure 3. 
 Ca2+ + 2Zn(OH)4
2− + 2H2O → CaZn2(OH)6. 2H2O + 2OH
− (14) 
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Figure 3. Conversion of zincate ions and calcium hydroxide to calcium zincate (note the incubation period 
of ~200 min) [10] 
Thus, in a typical cement system where the pH can range from about 12.5 to above 13, zinc 
can be expected to exist as zincate ions. Moreover, the presence of Ca2+ ions in the cement paste 
pore solution may lead to the precipitation of CZ which has a solubility lower than Ca(OH)2. Some 
researchers have reported the presence of CZ in cement pastes doped with zinc, however, there 
have been studies where it was not detected. These studies are discussed more in the next section. 
{References for this section: [9], [10], [11], [12], [13], [14], [15], [16], [17], [18], [19], [20]} 
2.2.2 Effect on cement hydration 
Research on the effect of heavy metals on cement and concrete properties has been going 
on for several decades with the primary objectives being to understand their effect on the 
mechanical properties of concrete or its effectiveness in stabilizing heavy metals. Few studies, 
however, have made an attempt to understand the chemistry of the system at early ages and provide 
an explanation for the observed effects. This section provides an overview of such studies in a 
chronological order. 
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Tashiro and Oba [21] investigated the effect of heavy metal oxides on the compressive 
strength and formation of hydrates of C3A. The authors detected C3AH6 in the control system and 
observed that at greater dosages of ZnO, the formation of C3AH6 was more strongly hindered 
which they corroborated through SEM as well. 
Ortego et al. [22] used FT-IR and thermogravimetric analysis (TGA) to study the effect of 
nitrate salts of heavy metals on cement hydration. They used very high dosages (10%, 20%, and 
30% w/w solutions) and observed severe retardation of setting. Moreover, the FT-IR spectra 
showed almost no silicate polymerization. The authors concluded that zinc retards C3S and C2S 
hydration through a “chemical interference”. 
Rossetti and Medici [23] studied the effect of chloride salts of heavy metals on the 
hydration, setting time and mechanical properties of white cement paste. At a zinc chloride 
concentration of 2% (by weight of cation with respect to cement), there was a 20 h long induction 
period along with a delayed precipitation of Ca(OH)2. Moreover, they observed CZ in the system 
at 1 and 3 days of hydration which disappeared by 7 days, which is when the anhydrous silicates 
(C3S, C2S) started to react. They concluded that the conversion of the zinc species to CZ is the 
primary cause of the prolonged induction period. 
Gawlicki and Czamarska [24] studied the effect of ZnO on cement hydration, and on C3S 
and C3A individually. Their experimental plan was strikingly similar to that of Arliguie et al. [25] 
which poses questions on the reliability of their conclusions. However, their results have been 
presented here. They observed longer induction periods in cement calorimetry plots at higher 
dosages of ZnO. They concluded that ZnO affected C3S and C3A hydration differently. In the case 
of C3S, no Ca(OH)2 was detected for the duration of the study. However, in the case of C3A 
hydration, calcium aluminate hydrates were detected even when doped with ZnO. The authors 
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observed C2AH8 formation right from the beginning of C3A hydration. CZ was also detected after 
a certain interval. The authors also studied a mixture of C3S and C3A where they observed that the 
presence of C3A promoted the precipitation of Ca(OH)2 at an earlier age. However, they also 
observed that in the hydration of pure C3S with ZnO, CZ always precipitated before Ca(OH)2. 
Another interesting observation was that all the CZ seemed to precipitate together followed by an 
immediate precipitation of Ca(OH)2. 
Asavapisit et al. [26] examined the effect of metal hydroxides on the hydration progress of 
cement through pore solution analysis, calorimetry, and thermal analysis. For Zn(OH)2, at a dosage 
of 10% by weight of cement, they observed an induction period longer than 300 h and minimal 
precipitation of Ca(OH)2 over the study period. Moreover, the addition of Zn(OH)2 affected the 
ionic composition of the solutions significantly. 
Kakali et al. [27] studied the hydration process in cements made from raw mixes containing 
transition element oxides by means of x-ray diffraction (XRD), differential scanning calorimetry 
(DSC), and TGA. Their findings showed that ZnO did not cause as severe a retardation when it is 
added in cement raw mix as when it is added to cement externally. The authors attributed this 
observation to the incorporation of Zn in the crystal lattice of clinker minerals which delays the 
dissolution of Zn2+. 
Stephan et al. [28] studied the influence of high intakes of Cr, Ni, and Zn in clinker on the 
hydration properties. They used three different types of cement: ordinary Portland cement (OPC), 
sulfate-resisting Portland cement (SRPC); and white Portland cement (WPC). The zinc dosage was 
set to 2.5 wt.%. The authors observed a lengthening of the induction period for all three cement 
types. However, the calorimetry plots were different for SRPC and WPC, and OPC. In the case of 
SRPC and WPC, there was nearly zero heat of hydration during the induction period whereas, in 
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the case of OPC, the induction period did not exhibit a total blocking of the reactions. Even though 
there was a slowdown of the initial reaction, the heat curve gradually went up to the main hydration 
peak. The authors did not provide an explanation for the observation, but they hypothesized that it 
was related to the different composition of OPC compared to the other two. They also observed 
that Zn was concentrated in hydration products of the aluminate and ferrite phases of OPC and 
SRPC. 
Olmo et al. [29] investigated the effect of heavy metal oxides on the setting time and 
strength development of Portland cement. At a dosage of 15% ZnO by the total weight of the dry 
mixture and a water-solid ratio of 0.366, the initial and final setting times were obtained to be ~4 
days and ~5.5 days, respectively. The compressive strengths at all ages from 1 day to 90 days was 
also found to be lower than the control sample. However, the compressive strength of the zinc 
dosed sample approached that of the control at later ages. 
Chen et al. [30] studied the effect of heavy metal doping in the form of nitrate salts on the 
hydration of C3S. They analyzed both C3S pastes (4 wt.% heavy metal ion by weight of C3S) and 
suspensions (15 wt.% heavy metal ion by weight of C3S) in their study. They observed that Zn
2+ 
doping resulted in a severe retardation at an early age of C3S hydration. Through XRD, they also 
observed a delay in the precipitation time of Ca(OH)2 as well as a reduction in the total amount 
formed at 28 days (<0.7% for the Zn2+-doped sample compared to 16.7% for control). They also 
detected CZ in the C3S suspensions. Another interesting observation was the reduction in the initial 
pH of the C3S suspensions (8.4 for the Zn
2+-doped sample compared to 12.4 for control). Even 
though the pH for the Zn2+-doped sample increased with time, it still remained below 12 even after 
three months of hydration. 
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2.2.3 Proposed mechanisms behind the retardation caused by zinc 
Cement hydration is an intricate process in itself which becomes even more complex with 
the addition of zinc. Very few research groups have proposed a mechanism for the observed effects 
of zinc. This section reviews such prominent studies. The mechanisms proposed in these studies 
are also the most cited in the literature, therefore, it was deemed necessary to discuss these in a 
separate section. The studies are presented in a chronological order. 
Mechanism I: Amorphous Zn(OH)2 coating 
Arliguie and Grandet published a series of papers on the effect of zinc on the hydration of 
cement phases [25], [31], [32], [33]. In their first study [25], they studied the effect of zinc on C3S 
and C3A hydration. The paper does not mention the type of zinc species used for the study and it 
is assumed that it was pure zinc metal. The control samples included mixtures of C3S/C3A and 
quartz which was replaced fully by zinc to check its effect on the hydration products. They 
performed XRD on the mixtures at different time intervals to observe the evolution of the hydration 
products in the different systems. In addition, pH measurements were done to check the effect of 
zinc on the pH evolution of the solution, however, the exact procedure followed to extract the 
solution was not included in the paper. Moreover, the XRD results only included the phases that 
were detected, and no quantitative information was provided. 
The most important observations from the study were: 
• XRD on C3S+zinc did not show any Ca(OH)2 even after 6 days. 
• XRD on C3A+zinc showed precipitation of C2AH8 from the age of 3 h, however, C4AHX 
did not precipitate until after precipitation of CZ at the age of 9 h. 
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• C3S+C3A+zinc system had precipitation of CZ at 3 h i.e. before that in the case of pure 
C3A. C4AHX precipitated after CZ and Ca(OH)2 precipitated after 6 days which means that 
C3S hydration is affected more severely by zinc compared to C3A. 
• Ca(OH)2 always precipitated after CZ. However, the precipitation of CZ did not seem to 
occur continuously, instead it seemed to occur rapidly in a very short duration which 
seemingly allowed Ca(OH)2 to precipitate after its completion. However, this observation 
does not agree with the previous observation where even though CZ was detected very 
early (3 h) but Ca(OH)2 did not precipitate until 6 days. 
• The pH for systems with zinc was found to be consistently lower for both C3A and C3S 
with a much higher reduction in the case of C3S. 
The authors explained the observations with the following hypothesis:  
A very low permeability coating of amorphous Zn(OH)2 covers C3S and C3A particles. 
After the initial wetting of C3S, the pH of the solution goes up leading to the precipitation of 
Zn(OH)2 on the surface of C3S particles and creating a tight amorphous layer. This slows the 
diffusion of ions through the layer and the pH of the solution does not rise enough to trigger the 
conversion of Zn(OH)2 to zincate ions. This prevents the consumption of zinc to form CZ without 
which the C3S hydration does not get renewed. 
In the case of C3A, on the other hand, after the initial wetting there is a formation of 
hexagonal aluminate hydrates on the surface of C3A particles which prevents the Zn(OH)2 from 
forming a tight layer and thus diffusion of ions continues to occur although possibly at a lower rate 
than the pure C3A system. However, this rate of diffusion is sufficient to raise the pH at a 
considerable rate to dissolve the Zn(OH)2 layer and continue the hydration process. Similarly, for 
the C3S+C3A+zinc system, the C3A continues to provide Ca
2+ and OH- ions to raise the pH of the 
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solution which eventually dissolves the Zn(OH)2 layer on the C3S surface thus leading to the 
precipitation of Ca(OH)2 and the renewal of C3S hydration. 
However, from the article it was not clear whether CZ forms and stays in the precipitated 
form. Moreover, pH results for the C3S+C3A+zinc system were not provided in the paper which 
makes it difficult to make sense of the conclusions. Nevertheless, the authors concluded that 
providing Ca2+ and OH- ions to the solution would decrease the retarding effect of zinc. 
In their second study [31], Arliguie and Grandet studied the effect of zinc on cement 
hydration through calorimetry on cement mortars. The cement was doped with zinc powder from 
0.2-4% by weight of the mortar. The actual composition of the mortar was not provided in the 
paper. The primary observations from the study are presented below: 
• A higher increase in the heat flow was observed during stage I of the hydration process for 
greater zinc dosages. The authors attributed this to the precipitation of Zn(OH)2. At the 
same time, the main hydration peak was higher along with a longer induction period. 
• After the induction period, the rate of increase in the heat flow was higher than the control 
sample for 0.4% zinc dosage, implying that the presence of zinc likely increased the 
reaction rate of both C3S and C3A. However, the authors attributed this increase in heat 
flow to the precipitation of CZ and its possible role as a nucleation agent. 
• Similarly, the maximum heat flow attained for the main hydration peak increased up to 
0.5% zinc dosage beyond which it reduced rapidly. For dosages less than 0.5%, as proposed 
by the authors, the CZ forming from the Zn(OH)2 on the surface of cement particles acted 
as a nucleation site for C-S-H precipitation. Whereas, for dosages greater than 0.5%, the 
amount of CZ precipitating on the surface of Zn(OH)2 was too high to allow a rapid 
exchange of ions and water thus slowing the reaction rate. 
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The authors used the same mechanism proposed in their previous study to explain the 
results. In addition, they proposed that the quantity of zinc can affect the behavior of the main 
hydration peak and that CZ can act as a nucleation agent for C-S-H precipitation. 
In the third published study in the series [32], Arliguie and Grandet studied the effect of 
gypsum on the hydration of cement containing zinc through XRD. A clinker which contained 1% 
sulfate was used for the entire study to which 0-4.5% gypsum by weight was added externally. 
Powdered zinc was added at a dosage of 5%, however, it is not clear what the quantity was relative 
to. A water-solid ratio of 0.4 was used. The key observations from the study were: 
• C3A seemed to react faster in the presence of zinc compared to the control sample when 
the amount of total sulfate was less than 2.5%. The trend reversed when the amount of 
sulfate was more than 2.5%. This observation was also supported by the presence of 
C4AH13 at the age of 1 d for less than 2.5% sulfate when the system was doped with zinc, 
however, the aluminate hydrate was not detected when the sulfate dosage was above 2.5%.  
• For the control samples, only ettringite was detected.  
• The time of appearance of Ca(OH)2 also increased with the amount of sulfate for zinc 
doped samples. 
The authors concluded that at low sulfate quantities in the system, zinc accelerates the 
reaction of C3A which helps provide Ca
2+ and OH- ions to resume C3S hydration. However, at 
higher sulfate dosages, C3A hydration is retarded in the presence of zinc which prevents the layer 
of Zn(OH)2 on C3S from dissolving, leading to longer induction periods. 
In their last article [33], Arliguie and Grandet studied four different cement compositions 
to understand the effect of zinc better. They used calorimetry, XRD, and pH measurement on both 
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cement pastes and suspensions doped with zinc. The key observations from the study are presented 
below: 
• The addition of zinc lowered the pH of all cement compositions. The cements with a higher 
quantity of CaO showed a higher pH than their low CaO counterparts when zinc was added 
to the systems. Moreover, in the high CaO systems, Ca(OH)2 precipitated much earlier than 
the other compositions. 
• The cement with a low C3A amount showed a substantially longer induction period relative 
to the other compositions. Moreover, it showed no evidence of Ca(OH)2
 even after two 
weeks,  however, CZ was detected. 
• No effect of changing the amount of C4AF was observed. 
The authors reiterated the same mechanism proposed in the previous articles and reinforced 
the fact that the conversion of Zn(OH)2
 to CZ is the key to ending the induction period and in order 
to achieve that, it is crucial to have a sufficient supply of Ca2+ and OH- ions in the cement paste 
system. 
Mechanism II: Poisoning of C-S-H nucleation/growth 
Ataie et al. [34] studied the mechanism of cement hydration retardation due to ZnO and 
sucrose through calorimetry, pore solution analysis, and XRD. They also added supplementary 
cementitious materials (SCMs) to check their effectiveness in mitigating the retardation as well as 
to determine the retardation mechanism. They used four ZnO dosages: 0.15%, 0.3%, 0.5%, and 
1% by weight of the total cementitious material. The main observations from the study are 
presented below: 
21 
 
• The induction period increased with the ZnO dosage. ZnO also increased the height of the 
main heat flow peak and made it narrower. The authors attributed these observations to a 
faster rate of nucleation and growth. 
• The Ca2+ concentration during the induction period in the cement pastes doped with ZnO 
reached nearly twice the concentration seen in the control paste at 4 h. This observation 
contradicts the theory proposed by Arliguie and Grandet [25] discussed before, which 
stated that the dissolution of cement particles slows down due to a coating of amorphous 
Zn(OH)2. 
• The zinc concentration increased until approximately midway through the induction period 
and then decreased slowly. The authors attributed the increase in zinc concentration to the 
increased dissolution of ZnO. However, they did not provide a definite reason for the 
reduction in the zinc concentration and conjectured that it could be due to the precipitation 
of CZ or the adsorption of zinc ions on C-S-H nuclei. 
• The induction period reduced significantly when a highly amorphous SCM with a high 
surface area was used. 
The authors concluded that the mechanism behind the retardation caused by ZnO could be 
nucleation and/or growth poisoning of C-S-H. The implied that the induction period ends when 
the rate of nucleation site creation exceeds the rate of poisoning. This could also be achieved by 
using a high surface area SCM capable of providing more nucleation sites. 
Mechanism III: Removal of calcium ions by zinc to form calcium zincate 
Garg and White [35] investigated the effect of ZnO on the hydration kinetics of alkali-
activated materials. Even though they did not study a cement paste, their study is worth mentioning 
here as it gives insight into the role of calcium in the retardation due to zinc. They used a calcium 
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aluminosilicate (slag) and an aluminosilicate (metakaolin) and three different ZnO dosages were 
examined: 0.1%, 0.5%, and 1% (by weight of the precursor). They analyzed the systems with 
calorimetry and X-ray pair distribution function (PDF). The major findings from their study were: 
• Alkali-activated slag (AAS) experienced a longer induction period with increasing ZnO 
dosage, very similar to a cement paste. However, ZnO did not affect the kinetics of alkali-
activated metakaolin (AAM). 
• The PDF peaks corresponding to the growth of both C(N)-A-S-H (calcium/sodium 
aluminosilicate hydrate) and N-A-S-H (sodium aluminosilicate hydrate) gels in AAS and 
AAM respectively showed a strong correlation with the calorimetry results. 
• PDF data seemed to indicate towards the precipitation and growth of CZ, however, it was 
not confirmed with other characterization techniques. 
• The amount of CZ increased up to the end of the induction period after which extensive 
precipitation of the product gels occurred, and the CZ disappeared from the system. 
The authors hypothesized that zinc dissolves in a highly alkaline solution and reacts with 
Ca2+ ions to form CZ. As this reaction continues, the minimum Ca2+ concentration needed to 
nucleate and precipitate the C(N)-A-S-H gel is not reached. This reaction continues to take place 
till all the dissolved zinc is fixed by the Ca2+ ions, thereby, extending the induction period. As soon 
as all the zinc is converted to CZ, the critical Ca2+ concentration is reached in the pore solution, 
triggering the nucleation and growth of the C(N)-A-S-H gel. 
2.2.4 Summary of the ideas presented in the literature 
This section aims to summarize the findings and theories presented in this chapter to 
develop an understanding of the cement-zinc system. Additionally, it provides a basis for the 
experimental plan presented in the next chapter. 
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When zinc is added to an alkaline solution, an equilibrium between solid Zn(OH)2
 and the 
zincate ions is established. This equilibrium is controlled by the pH of the solution, and at higher 
pH levels, the equilibrium shifts towards the zincate ions. The kinetics of Zn(OH)2 dissolution are 
not precisely known, and it is likely a rapid process. When Ca2+ ions are introduced into an alkaline 
solution containing zincate ions, there occurs a reaction between the two entities resulting in the 
precipitation of CZ. The kinetics of CZ formation exhibit a period of slow reaction after which the 
reaction proceeds rapidly. It is believed that the rate-limiting step during this “incubation period” 
is the reaction between the Ca2+ and zincate ions and not the dissolution of Zn(OH)2. 
The pore solution in a cement paste can become very alkaline and if zinc is present in the 
system, it is reasonable to assume that a part of it would exist as zincate ions. These zincate ions 
can react with the Ca2+ ions provided by cement and can prevent the precipitation of C-S-H and 
Ca(OH)2. There is sufficient evidence to conclude that zinc affects C3S and C3A hydration 
differently with the retardation likely more severe for C3S. Moreover, the fact that the amount of 
zinc extends the induction period proportionately indicates that the nature of the retardation might 
be chemical rather than physical such as nucleation/growth poisoning. This is also supported by 
the fact that the effect of zinc varies with the cement composition. 
Equipped with this information, the experimental plan presented in the next chapter was 
designed to determine primarily the ionic composition of the pore solution of a cement paste doped 
with zinc and subsequently correlate it to the well-understood heat evolution plots. 
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CHAPTER 3: EXPERIMENTAL PROGRAM 
 
3.1 Materials 
Type I/II Portland cement (LafargeHolcim) compliant with ASTM C150 was used. The 
chemical and phase compositions of the cement are shown in Table 1 and Table 2 respectively. 
Deionized water was used for all mixes and solutions. In addition, the following chemicals were 
used: Zn(NO3)2.6H2O (Zinc nitrate hexahydrate, reagent grade, 98%; Sigma-Aldrich; CAS RN: 
10196-18-6), ZnO (Zinc oxide, ACS reagent; Acros Organics; CAS RN: 1314-13-2), CaCl2 
(Calcium chloride, anhydrous, ≥93%; Sigma-Aldrich; CAS RN: 10043-52-4), and NaOH (Sodium 
hydroxide, pellets, ACS; Macron Fine Chemicals; CAS RN: 1310-73-2). All materials were stored 
at a temperature of 22 ℃ to avoid any temperature effects. 
Table 1. Chemical composition of the cement 
Oxide % 
SiO2 19.7 
Al2O3 4.3 
Fe2O3 3.1 
CaO 64.1 
MgO 2.5 
SO3 3.5 
Equivalent alkalis 0.53 
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Table 2. Bogue phase composition of the cement 
Phase % 
C3S 62 
C2S 9 
C3A 6 
C4AF 9 
3.2 Experimental design 
The study was divided into two phases. Phase I of the project included preparing cement 
pastes at a water-cement ratio of 0.5 and studying the heat of hydration through isothermal 
calorimetry. In Phase II of the project, continuously stirred cement suspensions at a water-cement 
ratio of 5 were used to study the evolution of the ionic composition of the solution. The objective 
was to relate the changes in the ionic concentrations of the primary ions (Ca2+, SO4
2-, OH-, Zn2+) 
to the heat flow curves which are better understood and are able to illustrate the ongoing processes. 
The following naming convention was used throughout the project: C-<water-cement 
ratio>-<zinc dosage>%<ZN or ZO>-<additive dosage><% or M><CCl (for CaCl2) or NaOH (for 
NaOH)> where C stands for cement, ZN stands for Zn(NO3)2.6H2O, ZO stands for ZnO, and M 
stands for the molarity of the NaOH solution. All percent dosages are by weight of the cation with 
respect to cement. Table 3 provides examples of the nomenclature for cement pastes along with 
descriptions. The same naming convention was used for cement suspensions with the only 
difference being the water-cement ratio (5 instead of 0.5). Details of the sample preparation are 
included in the following sections. 
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Table 3. Examples of the sample naming convention used in the study 
Name Description 
C-0.5wc Cement paste (water-cement ratio of 0.5) 
C-0.5wc-0.2%ZN Cement paste (water-cement ratio of 0.5) with 0.2% (weight 
of cation with respect to cement) zinc nitrate hexahydrate 
C-0.5wc-0.2%ZO Cement paste (water-cement ratio of 0.5) with 0.2% (weight 
of cation with respect to cement) zinc oxide 
C-0.5wc-1%CCl Cement paste (water-cement ratio of 0.5) with 1% (weight of 
cation with respect to cement) calcium chloride 
C-0.5wc-0.2%ZN-1%CCl Cement paste (water-cement ratio of 0.5) with 0.2% (weight 
of cation with respect to cement) zinc nitrate hexahydrate and 
1% (weight of cation with respect to cement) calcium chloride 
C-0.5wc-1MNaOH Cement paste prepared with a 1 M NaOH solution (solution-
cement ratio of 0.5) 
C-0.5wc-0.2%ZN-1MNaOH Cement paste prepared with a 1 M NaOH solution with 0.2% 
(weight of cation with respect to cement) zinc nitrate 
hexahydrate (solution-cement ratio of 0.5) 
3.3 Isothermal calorimetry 
Isothermal calorimetry is arguably the most commonly used test to study cement hydration. 
It measures the heat produced during cement hydration which can be used to analyze the hydration 
process. In phase I of the project, cement paste samples were prepared by mixing 100 g of cement 
with 50 g water. All additives were allowed to dissolve in the mixing water before cement was 
added. The mixing procedure comprised of hand mixing the paste with a spatula in a plastic cup 
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for 30 seconds followed by mixing with a kitchen mixer for 60 s, followed by an additional 30 s 
of hand mixing to ensure the mixing was uniform and the sides of the container did not have any 
unmixed material. It was followed by another 60 s of mixing with the kitchen mixer. 
The first set of experiments involved measuring the retarding effects of zinc. In addition to 
control, 0.1%, 0.2%, 0.5%, and 1% ZN (by weight of the Zn2+ ion with respect to cement) was 
added to the mixing water. The same set of dosages was repeated with ZO to observe the effect of 
zinc species as ZN is readily soluble in water whereas ZO has extremely low solubility in water. 
Based on the results and literature review, Ca2+ and OH- concentrations were identified to be 
critical parameters in the cement-zinc system. Thus, the next set of experiments included 
examining individually the effect of externally provided Ca2+ and OH- ions by adding 1% CaCl2 
to the mixing water and making a 1 M NaOH solution to be used as the mixing water. This set of 
experiments was performed at only 0.2% zinc dosage as the idea was to only observe the effects 
of Ca2+ and OH- concentrations and it was assumed that the effects would be similar at other zinc 
dosages as well. Table 4 shows the different mixes and the quantities used. 
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Table 4. Mix proportions for the cement pastes 
Sample Cement 
(g) 
Water 
(g) 
Zn(NO3)2.6H2O 
(g) 
ZnO 
(g) 
CaCl2 
(g) 
NaOH 
(g) 
C-0.5wc 100 50 - - - - 
C-0.5wc-0.1%ZN 100 50 0.455 - - - 
C-0.5wc-0.2%ZN 100 50 0.910 - - - 
C-0.5wc-0.5%ZN 100 50 2.275 - - - 
C-0.5wc-1%ZN 100 50 4.550 - - - 
C-0.5wc-0.1%ZO 100 50 0.124 - - - 
C-0.5wc-0.2%ZO 100 50 0.249 - - - 
C-0.5wc-0.5%ZO 100 50 0.622 - - - 
C-0.5wc-1%ZO 100 50 1.245 - - - 
C-0.5wc-1%CCl 100 50 - - 2.769 - 
C-0.5wc-0.2%ZN-1%CCl 100 50 0.910 - 2.769 - 
C-0.5wc-1MNaOH 100 50 - - - 2.000 
C-0.5wc-0.2%ZN-1MNaOH 100 50 0.910 - - 2.000 
After the mixing was complete, approximately 5 g of paste was measured in a glass vial 
which was sealed with an aluminum cap and transferred within a few minutes after the mixing to 
an isothermal calorimeter (TA Instruments TAM Air 8-channel) set at 22 ℃. Data for the first 45 
min was not included in the heat evolution plots to allow the sample to stabilize to the internal 
temperature of 22 ℃. Moreover, the heat signal destabilizes when a channel is opened, and some 
time is needed for it to become stable again. Each heat of hydration plot was recorded for 100 h. 
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3.4 Pore solution extraction 
In phase II of the project, cement suspensions were prepared, and the clear solutions 
extracted from the suspensions were analyzed for the ionic composition. Cement suspensions were 
prepared by adding 100 g cement to 500 g water in a plastic beaker. All additives were dissolved 
in the water before adding cement. The suspensions were stirred at 200 rpm using a magnetic 
stirrer. The beaker was sealed with aluminum foil to prevent loss of water. A 15 mL sample and a 
2.5 mL sample were extracted at 3-hour intervals from the time of addition of cement to the water 
for the first 48 hours. An additional measurement was taken at 10 min (or 20 min) from the start 
of the hydration process. Both samples were centrifuged at 1000 rpm for 1 min. The solution from 
the 15 mL sample was transferred to a syringe and filtered through a 0.2 μm syringe filter. This 
solution was later used for chemical analysis with x-ray fluorescence (XRF), and pH measurement. 
The solution from the 2.5 mL sample was discarded and 50 mL isopropanol was added to the 
settled solids which were dispersed through vigorous shaking. This was done to stop hydration at 
the specific time intervals. The 2.5 mL sample contained approximately 0.47 g cement and the 
volume of isopropanol (50 mL) added was over 300 times the volume of the solids as suggested 
by Zhang and Scherer [36]. The solution exchange process was allowed to occur for at least 24 
hours (even though the required time was considerably less) after which it was filtered and vacuum 
dried. The obtained dry powder was later used for Fourier transform infrared spectroscopy (FT-
IR) and scanning electron microscopy (SEM). In addition, a 5 g sample was also extracted from 
the suspension after 3 min of mixing for isothermal calorimetry. This was done to obtain heat 
evolution plots from the same mix for comparison with the evolution of the ionic composition of 
the system. The water-cement ratios used in the study are not high enough to affect the hydration 
of cement significantly [37]. However, for both cement pastes and suspensions, the same quantities 
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of ZN and CaCl2 were used (except for the case of NaOH addition, where a 1 M solution was used 
in both cases) which would lead to different initial concentrations. Thus, it was suspected that the 
cement pastes and suspensions would have different hydration characteristics and consequently, 
different heat flow curves. It is important to note that the heat flow curves for suspensions do not 
represent the actual system which was continuously stirred, which was not possible to execute for 
the samples installed in the calorimeter. However, this was the closest available replication of the 
system. Similar to phase I of the project, the effect of zinc dosage, the effect of Ca2+ ion 
concentration, and the effect of OH- ion concentration on the induction period of the cement-zinc 
system was also investigated. Table 5 shows the suspensions prepared and the quantities used. 
Table 5. Mix proportions for the cement suspensions 
Sample Cement 
(g) 
Water 
(g) 
Zn(NO3)2.6H2O 
(g) 
CaCl2 
(g) 
NaOH 
(g) 
C-5wc 100 500 - - - 
C-5wc-0.2%ZN 100 500 0.910 - - 
C-5wc-1%CCl 100 500 - 2.769 - 
C-5wc-0.2%ZN-1%CCl 100 500 0.910 2.769 - 
C-5wc-1MNaOH 100 500 - - 19.999 
C-5wc-0.2%ZN-1MNaOH 100 500 0.910 - 19.999 
3.5 pH measurement 
About 5 mL of the filtered solution was used to measure its pH with a pH meter (Thermo 
Scientific Orion Versa Star Pro). The pH meter was calibrated using standard solutions of pH 4, 
7, and 10 before taking any measurements. The pH was converted to obtain the OH- ion 
concentration using the following equation: 
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 [OH−] = 10(14−pH) (15) 
3.6 X-ray fluorescence (XRF) 
X-ray fluorescence (XRF) was used to analyze the filtered liquid for the elements Ca, S, 
K, and Zn. A 0.5 mL sample was placed in a plastic cup on top of a 4 μm thick film of ultralene. 
The samples were analyzed in an energy-dispersive x-ray fluorescence spectrometer (Shimadzu 
EDX-7000) in a helium environment. Each sample without zinc was run for 100 s whereas samples 
containing zinc were run for an additional 100 s as the spectrometer analyzed the light and heavy 
elements separately. The signal intensity was recorded for each element and was used as a measure 
of the concentration in the solution since the signal intensity is directly proportional to the 
concentration. The intensities can be converted to actual concentrations by preparing a calibration 
plot between the concentration of standard solutions of known ionic concentrations and their 
observed XRF intensities. However, this was not done in this project due to the low concentrations 
of the ions in consideration which made it extremely difficult to prepare standard solutions with 
the available equipment, since to generate an accurate calibration plot, it is vital for the standard 
solutions to have concentrations similar to the expected concentrations in the analyte. Due to such 
limitations and shortage of time, this part was not performed. 
3.7 Fourier transform infrared spectroscopy (FT-IR) 
FT-IR was performed on hydrated cement particles obtained from the suspensions. A small 
quantity of the dry powder was analyzed with a PerkinElmer Frontier MIR spectrometer equipped 
with a UATR (Universal attenuated total reflectance) polarization accessory. Spectra were 
collected in transmission mode in the wavenumber range of 400-4000 cm-1 at a resolution of 4   
cm-1. Each spectrum was collected as an average of 16 scans. 
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3.8 Scanning electron microscopy (SEM) 
Hydrated cement particles obtained from the suspensions were imaged with a JEOL JSM-
6060 LV SEM in the secondary electron imaging and high voltage mode. The cement particles 
were mounted on aluminum stubs with the help of carbon tape. The samples were sputter coated 
with a thin layer of gold-palladium to make the surface conductive. Images were procured at the 
following conditions: voltage of 15 kV, working distance of 10 mm, and spot size of 25 mm. 
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CHAPTER 4: HEAT EVOLUTION IN CEMENT PASTES 
 
In this chapter, the results from isothermal calorimetry on cement pastes (water-cement 
ratio of 0.5) are discussed. The effect of zinc dosage for both ZN and ZO is discussed along with 
the effect of externally providing Ca2+ and OH- on the hydration kinetics of cement retarded with 
ZN. 
4.1 Effect of zinc dosage 
The first set of isothermal calorimetry tests was performed to check the effect of zinc 
dosage on the induction period. This section presents the results for both ZN and ZO. Figure 4 
shows the rate of heat evolution during cement hydration when ZN is added to the system. In 
addition to extending the induction period, ZN modifies the features of the main hydration peak 
which shows that it affects the hydration of individual cement phases differently. It can be seen in 
Figure 4 that the heat flow plot of undoped cement paste does not show a clear shoulder for C3A 
hydration, however, it appears for 0.1% ZN. The shoulder becomes less distinct with higher 
dosages up to 0.5% ZN which exhibits a very obscure shoulder. This implies that the C3S and C3A 
reactions are being affected differently with the retardation possibly more severe for C3S than C3A. 
Arliguie et al. [25] observed a similar phenomenon in their study. The heat evolution plot for 1% 
ZN, however, shows a very different behavior with one major peak along with one small peak and 
a small drop in the heat flow in the first 15 hours. Heat data was collected for several days to check 
for additional peaks occurring at a later age, however, no additional peak was observed. It is 
challenging to determine the ongoing process from the heat flow curve alone and ZN dosages of 
1% and higher need to be investigated in more detail to explain the unusual behavior in the initial 
hours of hydration. 
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Another observed modification of the main hydration peak due to ZN was the reduction of 
its span. It is evident from the steeper slopes and the maximum heat output of the main hydration 
peak that the rates of both C3S and C3A reactions increase at higher ZN dosages up to 0.5%. Even 
though zinc retards the cement hydration process, once the induction period ends, the hydration 
reactions are accelerated. However, there appears to be a dosage beyond which the trend reverses 
and continues up to 1% ZN which has a much smaller maximum heat output. This behavior 
indicates that the processes and underlying mechanisms in a cement-zinc system are highly 
dependent on its chemistry which likely change with the amount of zinc. Even though the 
mechanism behind the main hydration peak is believed to be nucleation and growth of C-S-H, an 
increased rate of reaction can be obtained by increasing the concentrations of the reacting ions 
(Ca2+, SO4
2-, Al(OH)4
-, SiO4
4-, and OH-) which indicates that the presence of zinc might be 
allowing the solution to achieve a higher supersaturation of ions. This point has been analyzed in 
more detail through pore solution analysis (Section 5.1).  
The cumulative heat flow is normally used to determine the degree of hydration. Figure 5 
shows the cumulative heat flow curves for the different ZN dosages. The effect of increased rate 
of reaction during the main hydration peak due to ZN up to 0.5% translates into a higher degree of 
hydration by  the end of the observation period (100 h). In fact, by about 25 h, all three ZN systems 
(0.1%, 0.2%, and 0.5%) had surpassed the control system in terms of degree of hydration. 
Moreover, a higher zinc dosage resulted in a higher degree of hydration by the end of the 
observation period. The 1% ZN system did not exhibit the same trend and resulted in a lower 
degree of hydration than the other dosages, however, it still had the same degree of hydration as 
the control system by 100 h and it is likely that it would reach the same level of hydration as the 
other dosages at a later age. 
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Figure 4. Rate of heat evolution vs. time for cement pastes doped with 0-1% ZN 
 
Figure 5. Cumulative heat evolution vs. time for cement pastes doped with 0-1% ZN 
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The effect of zinc species was also investigated through calorimetry to see how the initial 
zinc concentration or the rate of conversion of the zinc species to zincate ions would affect the 
heat evolution of cement hydration. As ZN is highly soluble in water, at all dosages used in this 
study, the mixing water had zinc present only in the form of ions, whereas, ZO is sparingly soluble 
in water at room temperature. This means that the equilibrium concentrations of the original zinc 
species and the zincate ions would be different in the two systems even though the total amount of 
zinc, at each dosage, was identical. This is very clearly demonstrated in Figure 6 where the 
induction period at all ZO dosages was much longer than ZN. However, the overall nature of the 
heat flow curves was very similar to the cement-ZN systems except for 1% zinc where the cement-
ZO system showed a much higher maximum heat flow. Moreover, the nature of the heat flow 
curve for 1% ZO was similar to the other dosages, unlike the cement-ZN system where the 
behavior of 1% ZN is starkly different from its lower dosage counterparts. Another interesting 
feature of the cement-ZO system is that during the induction period, the heat flow plunges to nearly 
zero which is not the case for ZN where there was a considerable heat evolution even during the 
induction period: for 1% ZN dosage (Figure 5), the cumulative heat was almost 50 J/g as opposed 
to the 1% ZO system (Figure 7) which had generated about 12.5 J/g by the end of the induction 
period. It can be inferred from these two datasets that the type of zinc species affects the hydration 
of cement differently which again seems to support the theory that the presence of zinc in cement 
paste affects its chemistry. Figure 7 shows the cumulative heat flow for the cement-ZO systems 
and analogous to the cement-ZN systems, a higher ZO dosage resulted in a greater degree of 
hydration than the control system by the end of the observation period. 
{References for this section: [7], [25], [38], [39]} 
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Figure 6. Rate of heat evolution vs. time for cement pastes doped with 0-1% ZO 
 
Figure 7. Cumulative heat evolution vs. time for cement pastes doped with 0-1% ZO 
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4.2 Effect of calcium and hydroxyl ions 
This section discusses the effect of externally provided Ca2+ and OH-  ions on the extended 
induction period caused by zinc. It was seen in the previous section that the addition of zinc led to 
higher heat flow peaks with steeper slopes which could be due to the pore solution having a higher 
Ca2+ ion concentration than the control paste. Moreover, as discussed in Section 2.2, zinc 
hydrolyzes in an alkaline solution which may cause a reduction in the pH of the cement paste pore 
solution whose extent will depend on the zinc dosage. Arliguie et al. [25] concluded in their study 
that supplying the cement-zinc system with Ca2+ and OH- ions would decrease the retarding effect 
of zinc. Based on all this information, it was decided to study the effect of both ions through 
isothermal calorimetry at 0.2% zinc dosage. The study was performed only at 0.2% zinc dosage as 
it was anticipated that the effects of the Ca2+ and OH- ions would be similar at other zinc dosages 
as well (however, given the complexity of the cement-zinc system, it is possible that the system 
would behave differently). After a few trials, it was decided to use 1% CaCl2 (by weight of the 
cation with respect to cement) as it is highly soluble in water and the effect of Ca2+ ions was very 
prominent at that dosage. Similarly, to study the effect of OH- ions, a 1 M NaOH solution was 
used as the mixing water. The idea behind using a 1 M solution was to make the initial pH of the 
solution much higher compared to the early age pH observed in the pore solution of a cement paste. 
4.2.1 Effect of calcium ions 
The effect of supplying excess Ca2+ ions is shown in Figure 8. The accelerating influence 
of Ca2+ ions is evident for both control and cement-zinc systems. As proposed in the previous 
section, by increasing the concentration of the reacting ions, one of which is Ca2+, the reaction rate 
can be increased which is reflected in the higher heat flow peaks and the steeper slopes of the main 
hydration peaks. The length of the induction period for the cement-zinc system also reduced by 
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approximately half whereas for the control system there was no sign of any induction period. 
However, the key thing to note here is that even though the amount of Ca2+ ions introduced into 
the cement-zinc system is significantly higher than the theoretical amount required to complete the 
CZ formation reaction (Equation 14), the induction period did not completely disappear which 
shows that the evolution of the pore solution composition as the cement reacts, and the associated 
kinetics affect the length of the induction period. Even during the induction period, the cement-
zinc system with added Ca2+ is more active compared to the system without, as reflected in the 
higher heat flow. This observation supports the mechanisms proposed by Arliguie et al. [25], [31], 
[32], [33], and Garg and White [35], as a supply of Ca2+ ions would be expected to increase the 
rate of CZ formation leading to a higher heat flow and a shorter induction period. However, Ca2+ 
ions would also lower the pH due to an increased precipitation of Ca(OH)2. This may have a 
negative effect on the CZ formation reaction and it is possible the overall impact on the induction 
period due to added Ca2+ ions is an amalgamation of the two opposing effects. The effect of Ca2+ 
ions is discussed further in Section 5.2 with the help of pore solution analysis.  
Figure 9 shows the degree of hydration for the same systems. As expected, the added Ca2+ 
promoted a faster hydration for the control system resulting in a higher degree of hydration right 
from the beginning of the hydration process. However, the control system with no additional Ca2+ 
appears to approach the same degree of hydration as the control system with Ca2+ at a late age. 
The cement-zinc system with added Ca2+ begins with a higher reaction rate and a higher degree of 
hydration up to ~40 h when the cement-zinc system with no added Ca2+ surpasses it. This implies 
that even though supplying Ca2+ ions can help reduce the retardation initially and lead to faster 
reaction rates in the main heat peak region, the reaction rates drop equally fast which leads to a 
slower increase in the degree of hydration compared to the unmodified cement-zinc system. 
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{References for this section: [7], [10], [25], [31], [32], [33], [35], [38], [39]} 
 
Figure 8. Rate of heat evolution vs. time for cement pastes containing 0-0.2% ZN with/without added 
CaCl2 
 
Figure 9. Cumulative heat evolution vs. time for cement pastes containing 0-0.2% ZN with/without added 
CaCl2  
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4.2.2 Effect of hydroxyl ions 
The hydroxyl ion is the other key entity in a cement paste. In a pure cement system, it forms 
as the cement phases dissolve initially and then from the reaction of C3S with water. The reasoning 
behind the experimental work presented in this section was based on two arguments: (i) It has been 
reported substantially in the literature that the end of the induction period is marked with a rapid 
precipitation of Ca(OH)2 which is believed to trigger the renewed hydration. (ii) As discussed 
before, zinc dissolves in a highly basic medium to form zincate ions which are known to react with 
Ca2+ to form CZ according to Equation 14. In a cement-zinc system with completely soluble zinc 
and no additives, the zinc would likely convert to Zn(OH)2 after the initial dissolution of cement 
(stage I) and the increase in pH of the system. The extent of conversion of this Zn(OH)2  to zincate 
ions and the equilibrium kinetics would depend on the pH evolution of the solution. Thus, it was 
hypothesized that providing an excess of OH- ions would not only promote precipitation of 
Ca(OH)2 but also accelerate the CZ formation process by shifting the equilibrium between 
Zn(OH)2 and the zincate ions towards the latter. Therefore, a solution with an initial pH of 14 was 
used as it was expected that the initial dissolution of cement would barely affect the overall pH of 
the solution and zinc would be present only as zincate ions.  
As can be seen in Figure 10, addition of OH- ions to both control and cement-zinc systems 
accelerated the occurrence of the main hydration peak. For the control system, the results presented 
in Figure 10 are in accordance with the previously published results. It has been reported in the 
literature that the addition of alkalis to a cement paste has several outcomes: (i) the solubility of 
gypsum increases at higher pH levels, (ii) the rate of C3A dissolution increases, (iii) the reaction 
rates of both C3S and C3A increase, and (iv) Ca
2+ concentration in the pore solution drops due to 
Ca(OH)2 precipitation. While the impact on the control cement paste was as expected, the cement-
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zinc system showed a considerable reduction in the induction period along with a higher peak. At 
an initial pH of 14, it is certain that significant quantities of Ca(OH)2 would precipitate right from 
the beginning of the hydration process unless zinc prevents its formation by precipitating CZ first 
or it is possible that the two processes occur simultaneously. However, it is important to note that 
the system still did not exhibit a complete elimination of the induction period even in a strongly 
basic medium which raises more questions. One explanation for this behavior is that even though 
a higher pH produced more zincate ions, it simultaneously removed Ca2+ ions from the solution. 
This possibly resulted in a longer time for the CZ reaction to complete compared to the control 
system, but the overall kinetics still happened to be faster than the cement-zinc system without 
added OH- ions. Figure 11 shows the cumulative heat flow for the systems in consideration. Similar 
to the effect of Ca2+, even with added OH- ions, the cement-zinc system displayed a lower degree 
of hydration than the cement-zinc system without added OH- ions after ~30 h. This implies that 
OH- ions can help with the retardation caused by zinc but would have detrimental effects on the 
degree of hydration which may affect the structural properties of the paste matrix. 
{References for this section: [1], [2], [4], [7], [38], [40], [41], [42], [43], [44], [45], [46], [47]} 
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Figure 10. Rate of heat evolution vs. time for cement pastes containing 0-0.2% ZN with/without added 
NaOH 
 
Figure 11. Cumulative heat evolution vs. time for cement pastes containing 0-0.2% ZN with/without 
added NaOH 
0 10 20 30 40 50 60 70 80 90 100
0.000
0.001
0.002
0.003
0.004
0.005
0.006
0.007
N
o
rm
a
liz
e
d
 h
e
a
t 
fl
o
w
 (
W
/g
)
Time (h)
 C-0.5wc
 C-0.5wc-1MNaOH
 C-0.5wc-0.2%ZN
 C-0.5wc-0.2%ZN-1MNaOH
0 10 20 30 40 50 60 70 80 90 100
0
50
100
150
200
250
N
o
rm
a
liz
e
d
 h
e
a
t 
(J
/g
)
Time (h)
 C-0.5wc
 C-0.5wc-1MNaOH
 C-0.5wc-0.2%ZN
 C-0.5wc-0.2%ZN-1MNaOH
44 
 
CHAPTER 5: IONIC CONCENTRATIONS IN CEMENT SUSPENSIONS 
 
This chapter discusses the results from the pore solution analysis of cement suspensions 
analyzed with XRF. The effect of zinc dosage along with the effect of externally provided Ca2+ 
and OH- ions on the induction period is presented. The effect of the zinc dosage was studied by 
using 0.2% and 0.5% zinc additions. The plots include XRF signal intensities of the following 
elements: Ca, S, K, and Zn along with the pH (plotted on the right y-axes). The terms intensity and 
concentration have been used interchangeably in this chapter as the XRF signal intensity is directly 
proportional to the concentration (the Ca intensity denotes the Ca2+ concentration, the S intensity 
denotes the SO4
2- concentration, the K intensity denotes the K+ concentration, and the Zn intensity 
denotes the zincate ion concentration). Si and Al were not analyzed due to their extremely low 
concentrations (~1 ppm) which would have produced inaccurate results with the technique used. 
Moreover, the idea was to observe the changes in the Ca2+ and OH- ions as these are believed to 
be interacting with zinc.  
In addition, a heat flow curve (plotted on the left y-axis) for each suspension is shown to 
facilitate the correlation of the ongoing process with the ionic composition of the solution. It is 
important to keep in mind that the ionic concentrations in a cement paste will likely be different 
than the corresponding suspension, however, a suspension provides a means to study the system 
in an easier and a more consistent manner. Figure 12, Figure 13, and Figure 14 show the 
calorimetry plots for both cement pastes and suspensions (note the different scales on the y-axes). 
The heat flow plots for 0.5 water-cement ratio are shown on the left y-axis, whereas their higher 
water-cement ratio counterparts are shown on the right y-axis. Two different scales have been used 
to facilitate the comparison between the two water-cement ratios as the heat produced in a 
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suspension sample is very small due to the smaller amount of cement and the excess water. The 
curves show that the overall nature of the hydration process is unaffected by the water-cement 
ratio. Nonetheless, there appears to be a small amount of retardation for the control system, and 
the cement-zinc suspensions exhibit longer induction periods compared to the pastes (Figure 12). 
Moreover, at a higher zinc dosage, the retardation is more amplified. This may be due to the lower 
reactant concentrations in the suspensions as compared to the pastes. A suspension, which is 
effectively, 10 times dilute than a paste would likely take longer to reach the same state as a paste 
with respect to ionic concentrations which may lead to a longer induction period. This would also 
depend on the dissolution rates of the cement phases. Thus, without knowing the exact dissolution 
rates and the ionic compositions in the two systems, it is a challenge to make any definite 
conclusions. 
The effect of CaCl2 and NaOH on both pastes and suspensions is shown in Figure 13 and 
Figure 14 respectively. While the addition of NaOH in the suspensions produced similar results as 
the pastes in terms of impact on the induction period, the trend reversed for the cement-zinc system 
with added CaCl2 which exhibited a longer induction period than the corresponding paste. An 
attempt has been made to explain these observations by analyzing the solution concentrations in 
the following sections. However, the overall impact on the reaction kinetics was not deemed 
significant enough to elicit a detailed study on the effect of water-cement ratio, and the suspension 
was considered a reasonable approximation of a typical cement paste. 
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Figure 12. Rate of heat evolution vs. time for cement pastes and suspensions doped with 0-0.5% ZN 
 
Figure 13. Rate of heat evolution vs. time for cement pastes and suspensions containing 0-0.2% ZN 
with/without added CaCl2 
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Figure 14. Rate of heat evolution vs. time for cement pastes and suspensions containing 0-0.2% ZN 
with/without added NaOH 
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flow, both Ca2+ and SO4
2- concentrations decline continuously with a higher depletion rate for the 
SO4
2- ion. The reduction in the Ca2+ concentration can be attributed to the slower dissolution of 
Ca2+ ions as the C-S-H layer around the cement particles thickens, and a renewed precipitation of 
ettringite which is also manifested in the SO4
2- concentration which drops significantly over the 
post peak region as expected for a typical cement. The Ca2+ concentration appears to approach an 
equilibrium concentration as the cement hydration process slows down significantly by 48 hours, 
while the SO4
2- concentration drops to nearly zero as it is consumed to form ettringite. 
Plots b and c in Figure 15 show the effect of 0.2% and 0.5% zinc dosages respectively on 
the induction period and the concentrations of the primary ions in the solutions. For 0.2% zinc, 
similar to the control plot, there is a reduction in both the Ca2+ and SO4
2- concentrations up to 6 h 
after which they start to increase even though the system is still within the induction period. The 
concentrations of the two ions increase up to ~15 h beyond which both concentrations decline 
rapidly. It is interesting to note here that the maximum concentrations of Ca2+ and SO4
2- in 0.2% 
zinc system are very similar to the control system. Even the profiles up to the maximum are similar, 
the only difference being the duration over which the concentrations first drop and then rise, where 
the duration is longer for the 0.2% zinc system. While, in the control system, the maximum 
concentration is attained at nearly the same time as the peak of the heat flow curve, it occurs during 
the induction period in the 0.2% zinc system. These higher concentrations before the end of the 
induction period signify that the 0.2% zinc system is more saturated with Ca2+ and SO4
2- ions 
compared to the control system. This is in agreement with the observation of Ataie et al. [34] where 
the authors observed a more saturated pore solution, with respect to Ca2+ ions, in cement pastes 
containing zinc. This also helps explain the higher heat flow peak seen for the 0.2% zinc system, 
as a higher Ca2+ concentration would increase the rate of C-S-H and Ca(OH)2 precipitation as seen 
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previously in Figure 8. However, it should be kept in mind that the Si and Al profiles are not 
available and determining their concentration profiles would provide a more detailed picture of the 
evolution of the system. The relatively faster drop in the SO4
2- concentration compared to the 
control system which begins at ~18 h explains the narrow heat flow peak as the completion of the 
ettringite reaction occurs much faster leading to a narrower peak. Moreover, compared to the 
control suspension, the initiation time of the rapid SO4
2- depletion occurs earlier relative to the 
point of maximum heat flow which indicates that the temporal gap between C3S and C3A reactions 
is reducing. A similar observation was made for cement pastes in Section 4.1. Similar to the control 
suspension, the Ca2+ concentration appears to stabilize close to the concentration observed for the 
control sample at 48 h while the sulfate concentration approaches zero. 
The concentration profile of Zn is very similar to the Ca2+ and SO4
2- profiles up to 12 h 
with a minimum at 6 h (it is important to note here that even though the ion is referred to as Zn, it 
exists as zincate ions in the solution and with the technique used, it is not possible to determine 
the exact form of zinc species in the system, however, the analyzed solutions only contain the 
soluble form of zinc). The Zn concentration is expected to reduce as the pH of the solution 
increases as some of the zinc would precipitate as Zn(OH)2 which is likely what occurs for the first 
6 h. However, the equilibrium zinc concentration in the solution increases after 6 h as the pH 
continues to increase further which also explains the increasing SO4
2- concentrations as SO4
2- ions 
would go into the solution when the associated Ca2+ ions precipitate as Ca(OH)2. The Zn 
concentration drops rapidly from 12 h to 24 h beyond which the concentration is stable with slight 
fluctuations. It is interesting to note that the Zn concentration does not reduce before the end of 
the induction period as would be expected according to Garg and White [35]. Instead, it decreases 
simultaneously with the increase in the heat flow of the system. It appears that the stabilization of 
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Zn occurs during the acceleration phase of the reaction as it starts right at the foot of the main 
hydration peak and lasts up to the time of the maximum point on the main hydration peak. 
However, it may not depict the complete picture as the observed zinc concentration through the 
induction period is, in fact, from the equilibrium between solid Zn(OH)2 and the zincate ions. This 
means that the depletion of zinc could be occurring through the entire induction period, but the 
zinc concentration still would not change due to a continuous supply of more zincate ions by the 
precipitated Zn(OH)2. Thus, even though the reaction between Ca
2+ and the zincate ions could be 
occurring for the first 15 h, the concentration descent only becomes visible when the zinc exists 
only as zincate ions. Moreover, the zinc is not completely removed from the solution even after 
the main hydration peak and a certain amount remains in the solution likely for a long time or even 
forever (which needs to be verified by performing the study for a longer duration). This is indeed 
possible if the final zinc concentration is under the solubility limit of Zn(OH)2 or CZ.  
The system with 0.5% zinc shows a very similar behavior except for steeper slopes for both 
the heat flow curve and accordingly, the drop in the three ionic concentrations. Moreover, the 
reaction of C3A to form ettringite occurs even earlier relative to the heat of hydration peak which 
again reinforces the previous conclusion that zinc affects C3S hydration more severely than C3A. 
However, the final concentrations at 48 h are similar in all three systems which explains the lack 
of difference among the systems at later ages in terms of hydration behavior and heat evolution. 
Figure 16 shows the pH evolution of the three systems. Overall, there does not seem to be 
any relation between the OH- concentration and the behavior of zinc except for the reduction of 
pH at higher zinc dosages as expected due to the hydrolysis of zinc in an alkaline solution. This 
effect is barely visible in the case of 0.2% zinc, however, it is evident at 0.5% zinc dosage where 
the entire concentration profile is below that of control at all times. The OH- concentration profiles 
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in all three systems have a general upward trend with highly fluctuating profiles for the zinc 
systems. The control system, on the other hand, has a very stable and consistent increase up to 20 
h beyond which it is more or less constant. The effect of OH- ions is investigated further in Section 
5.3. Similarly, the K+ ion does not seem to be involved in any of the ongoing processes and its 
average concentration remains nearly constant in all three systems. 
{References for this section: [2], [19], [25], [33], [34], [35], [41]} 
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Figure 15. Ca2+, SO42-, and zincate ion concentration in solutions extracted from cement suspensions 
doped with (a) 0% ZN, (b) 0.2% ZN, and (c) 0.5% ZN (Note: The rate of heat evolution vs. time for each 
suspension is also shown as a solid curve) 
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Figure 16. K+, OH-, and zincate ion concentration in solutions extracted from cement suspensions doped 
with (a) 0% ZN, (b) 0.2% ZN, and (c) 0.5% ZN (Note: The rate of heat evolution vs. time for each 
suspension is also shown as a solid curve) 
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5.2 Effect of calcium ions 
The effect of externally supplying Ca2+ ions is shown in Figure 17 and Figure 18. Plots a 
and b in Figure 17 show the evolution of the ionic composition of suspensions without added Ca2+ 
for the control and cement-zinc suspensions respectively. The corresponding profiles with added 
Ca2+ are shown in plots c and d. The addition of Ca2+ raised the Ca2+ concentrations to nearly double 
in both the control and cement-zinc systems. Simultaneously, Ca2+ addition reduces the SO4
2- 
concentration significantly due to the low solubility of CaSO4 in water. This influence on SO4
2- 
ions can be seen clearly in Figure 17 where plots c and d have SO4
2- concentration profiles much 
lower than plots a and b respectively. 
Plots a and c exhibit very similar concentration profiles for both Ca2+ and SO4
2- which 
means the underlying chemical processes are not being affected by the addition of Ca2+ ions. The 
high initial Ca2+ concentration results is a higher reaction rate during the main hydration peak 
which is also reflected in a higher maximum heat flow in plot c. Interestingly, the addition of Ca2+ 
ions also appears to be delaying the reaction of C3A to form ettringite as evident from the late drop 
in the SO4
2- concentration in plot c (15 h compared to 12 h in plot a). Moreover, even though the 
Ca2+ concentration in plot c continues to be much higher than in plot a, the heat evolution curves 
for both suspensions become similar by 48 hours. 
When Ca2+ was added to the cement-zinc system, an unexpected behavior was observed. 
Contrary to the results discussed in Section 4.2 where the addition of Ca2+ to the cement-zinc paste 
shortened the induction period, the addition of Ca2+ to the suspension actually extended the 
induction period. Additionally, there was virtually no impact on the main hydration peak of the 
cement-zinc suspension (plot b) when Ca2+ was added (plot d), as opposed to the cement-zinc 
paste, which exhibited a significant increase in the maximum heat flow with added Ca2+ (Figure 
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8). This observation is testimony to the conclusion that the chemistry of the cement-zinc system is 
extremely complex and does not seem to be explained well by any of the theories proposed before. 
Regardless, the profiles for both ions in plot d are similar to those in plot b. Both Ca2+ and SO4
2- 
concentrations first drop for the first few hours and then increase up to a certain concentration after 
which they change slightly. As seen previously, zinc starts to deplete rapidly as the heat flow curve 
starts to rise, until it reaches similar concentrations as in plot b. However, unlike the cement-zinc 
system with no added Ca2+ ions, the C3A reaction is not accelerated due to the presence of zinc. In 
other words, the addition of Ca2+ ions counters the accelerating effect of zinc on the reaction of 
C3A with the sulfate ions. This observation is in line with the point mentioned above that the 
addition of Ca2+ ions retards the precipitation of ettringite. 
The added Ca2+ has a similar effect on the OH- concentration as on the SO4
2- concentration 
(Figure 18). As the solubility of Ca(OH)2 is very low in water, a surplus of Ca
2+ ions causes more 
precipitation of Ca(OH)2 resulting in a lower pH. This effect is evident in both plots c and d, where 
the OH- concentration is considerably lower than plots a and b respectively. In the control 
suspension with Ca2+ (plot c), the pH continues to be lower than the one without any added Ca2+ 
for the entire observation period. As pointed before, the pH in the cement-zinc systems (plots b 
and d) is very unstable and exhibits a behavior which is difficult to explain. However, in both 
cement-zinc systems, it seems that there is a drop in the pH slightly before the end of the induction 
period which might be due to the rapid Ca(OH)2 precipitation that is known to occur at the foot of 
the main hydration peak. The magnitude of this drop is substantial in plot d where the pH drops to 
approximately 11 (note the different scale on plot d). The drop in the pH stays only for a brief 
duration after which it rises equally rapidly to the concentration before the drop, even higher in 
the case of cement-zinc system without the added Ca2+. While the cement-zinc system with no 
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Ca2+ (plot b) shows a general upward trend for the pH, the cement-zinc system with added Ca2+ 
experiences another drop in the pH around 40 h and the pH continues to be low till the end of the 
observation period. The reason for this behavior is not clear and needs to be further investigated. 
The K+ concentration, again, appears to be independent of the other hydration processes and 
remains fairly constant in all systems. 
{References for this section: [7], [10], [25], [31], [32], [33], [35], [38], [39]} 
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Figure 17. Ca2+, SO42-, and zincate ion concentration in solutions extracted from cement suspensions for 
(a) 0% ZN, (b) 0.2% ZN, (c) 0% ZN with added CaCl2, and (d) 0.2% ZN with added CaCl2 (Note: The 
rate of heat evolution vs. time for each suspension is also shown as a solid curve) 
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Figure 18. K+, OH-, and zincate ion concentration in solutions extracted from cement suspensions for (a) 
0% ZN, (b) 0.2% ZN, (c) 0% ZN with added CaCl2, and (d) 0.2% ZN with added CaCl2 (Note: The rate 
of heat evolution vs. time for each suspension is also shown as a solid curve)  
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5.3 Effect of hydroxyl ions 
Figure 19 and Figure 20 show the effect of increasing the pH of the undoped and doped 
cement suspensions. Increasing the pH of a cement paste/suspension has two effects on the ionic 
composition of the system: (i) a higher SO4
2- concentration due to increased solubility of CaSO4, 
and (ii) a lower Ca2+ concentration due to more precipitation of Ca(OH)2. Both effects are exhibited 
in plots c and d of Figure 19. Compared to the control suspension (plot a), the initial Ca2+ 
concentration in the control suspension with added OH- ions (plot c) is much higher likely due to 
the increased solubility of gypsum and C3A, however, the concentration drops rapidly, and by 9 h, 
it drops to a very small quantity and stays constant till the end of the study period. The SO4
2-  
concentration in the control suspension with OH- ions (plot c) is nearly three times of the 
concentration in plot a at all times. It shows a slow and steady decrease with time but unlike plot 
a, the SO4
2- ions do not get completely depleted from the suspension. 
The cement-zinc system shows a different behavior. The initial Ca2+ concentration in 
cement-zinc system with added OH- ions (plot d) is much lower than the system without (plot b) 
and drops to a very low concentration by 3 h. This could be due to the consumption of Ca2+ ions 
by the zincate ions to form CZ. However, there is a rapid surge in the Ca2+ concentration at 3 h 
with a much higher concentration at 6 h. This surge in the Ca2+ concentration appears to be 
occurring concurrently with the rise in the heat flow and drops very rapidly again up to 12 h after 
which the system exhibits a similar concentration as the control system with added OH- ions (plot 
c). The reason for this surge in the Ca2+ concentration is not clear and needs to be further 
investigated. The SO4
2- concentration in the cement-zinc system with added OH- (plot d) shows a 
very similar trend as the control system with added OH- ions (plot c) with the only difference being 
in the first 12 h. As expected, the zinc concentration in the cement-zinc system with added OH- 
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ions (plot d) was higher by a whole order (note the different scales for Zn on plots b and d). As 
observed before, the zinc concentration declines continuously over the period of the heat flow 
increase in the main hydration peak. By 9 h, the zinc concentration stabilizes and continues to 
remain constant till the end of the study period. However, this concentration was still nearly double 
the concentration in plot b. This is possibly due to the increased solubility limit of Zn(OH)2 or CZ 
in a more alkaline solution. The substantially short induction period in plot d (almost equal to the 
control suspension), even at lower Ca2+ concentrations indicates that if zinc can remain soluble 
and exist as zincate ions, the induction period can be shortened. 
Figure 20 shows the pH and zinc profiles for the systems. As expected, adding OH- ions 
increased the initial pH of the solution significantly (note the different scale for pH on plots a and 
b, and c and d). However, even though the initial pH of the mixing water was 14, the pH of the 
solution after the addition of cement was much lower likely due to the precipitation of Ca(OH)2. 
The pH of the cement-zinc system with added OH- ions (plot d) exhibits a higher initial pH 
compared to the control system with added OH- ions (plot c). In both control and cement-zinc 
systems with added OH- ions, there does not appear to be a general trend and the pH numbers are 
much more wavering than the systems without any added OH- ions. However, the overall pH 
profiles in the cement-zinc systems (with/without added OH- ions) look similar, as also in the case 
of the control system. As before, the K+ concentration was not affected throughout the observation 
period and remained constant. 
{References for this section: [1], [2], [4], [7], [26], [38], [40], [42], [43], [44], [45], [46], [47]} 
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Figure 19. Ca2+, SO42-, and zincate ion concentration in solutions extracted from cement suspensions for 
(a) 0% ZN, (b) 0.2% ZN, (c) 0% ZN with added NaOH, and (d) 0.2% ZN with added NaOH (Note: The 
rate of heat evolution vs. time for each suspension is also shown as a solid curve) 
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Figure 20. K+, OH-, and zincate ion concentration in solutions extracted from cement suspensions for (a) 
0% ZN, (b) 0.2% ZN, (c) 0% ZN with added NaOH, and (d) 0.2% ZN with added NaOH (Note: The rate 
of heat evolution vs. time for each suspension is also shown as a solid curve) 
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5.4 Key features observed in the cement-zinc systems 
The results presented in this and the previous chapter showed certain characteristics that 
were applicable in all cement-zinc systems. A brief summary of these characteristics is presented 
in this section. 
• The solubility of zinc increased with the pH. In Figure 21, all the Zn intensity values 
from the XRF analysis on all cement-zinc systems up to the end of the induction period, 
have been plotted as a function of the pH. The nearest measurement point to the foot 
of the heat flow curve was designated as the end of the induction period. As can be 
seen in Figure 21, the zinc concentration in the pore solution increases exponentially 
with the pH. Even though all cement-zinc suspensions contained the same amount of 
zinc, only the systems with the added OH- ions had most of the zinc dissolved in the 
solution which means that in the other systems, the equilibrium concentration of the 
zincate ions was very low. The kinetics of the conversion of solid Zn(OH)2 to the 
zincate ion could play a very important role in the length of the induction period and 
may control the overall formation kinetics of CZ as well. 
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Figure 21. Zn intensity vs. pH in cement-zinc suspensions before the end of the induction period 
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the induction period is the shortest when the pH is the highest, even though the Ca2+ 
concentration in the system (0.1141) is several times lower than the 0.2% zinc system 
with no additives (0.7153). Similarly, when Ca2+ ions are added to the cement-zinc 
suspension, the Ca2+ concentration may become very high (1.5577), however, it 
simultaneously reduces the pH resulting in a longer induction period (note that the 
cement-zinc paste, in fact, showed a shorter induction period as discussed in Section 
4.2, however, without determining the ionic composition of that system, a firm 
explanation for this variability cannot be established). Interestingly, the pH and the 
Ca2+ concentrations in the control, 0.2% zinc, and 0.5% zinc suspensions, right before 
the end of the induction period, are very similar, yet, the induction period becomes 
longer with more zinc. This could be explained by considering the precipitation 
reaction of CZ (Equation 14). If it is assumed that the kinetics of CZ formation are only 
dependent on the Ca2+ and the OH- concentrations, the three systems (control, 0.2% 
zinc, and 0.5% zinc) would exhibit similar kinetics. Thus, an increase in the total 
amount of zinc would proportionately increase the duration of the induction period. 
Figure 23 shows the same data from the perspective of zincate ion concentration. The 
zincate ion concentration in the system with added OH- ions (0.336) is much higher 
compared to the other systems which have very similar concentrations (0.0194, 0.0230, 
0.0205). This results in a much shorter induction period. Furthermore, as discussed 
before, the equilibrium zincate ion concentration in systems with different zinc dosages 
does not change significantly, and the length of the induction period is then governed 
by the total amount of zinc. 
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Figure 22. Duration of the induction period as a function of the pH and the Ca2+ ion concentration in 
cement-zinc suspensions 
 
Figure 23. Duration of the induction period as a function of the pH and the zincate ion concentration in 
cement-zinc suspensions 
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• A longer induction period due to zinc results in a higher Ca2+ concentration by the end 
of the induction period. This possibly happens due to continuous dissolution of the 
cement phases through the induction period. Even if there was a reaction occurring 
between the Ca2+ and the zincate ions, a high Ca2+ concentration implies that the 
dissolution of the cement phases is a fast process and is not the rate-limiting step. The 
resulting higher Ca2+ concentration then translates into a faster reaction during the main 
hydration peak. 
• The heat output in the cement-zinc systems increased simultaneously with the depletion 
of the zincate ions. However, as mentioned before, the removal of zincate ions could 
be occurring through the induction period as well. Nevertheless, the cement starts to 
react only when the zinc is almost completely removed from the solution. This 
observation is not in full agreement with the theory proposed by Garg and White [35] 
which states that the renewal of cement hydration does not occur until the completion 
of CZ precipitation. 
• Zinc was not completely removed from the pore solution, and the final concentration 
in all the systems was nearly equal, except for the system with added OH- ions which 
had a higher final zincate concentration. This suggests that there can be a particular 
zinc dosage for a cement paste with a certain pH, at which all of it would exist only as 
zincate ions. At this dosage, there would be no induction period and the cement 
hydration would proceed in the same manner as an undoped system. 
• The reaction of C3A with the SO42- ions to form ettringite is accelerated by zinc. This 
is presented in Figure 24. The bars show the difference between the time of rapid SO4
2- 
ion depletion, and rapid zincate ion depletion (or the foot of the main hydration peak). 
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The times of “rapid depletion” were picked as the times at which there was a significant 
change in the slope of the intensity profile followed by a sustained decline in the 
intensity. As can be seen in Figure 24, the time difference reduces with more zinc. This 
is illustrated by the fact that there was no time difference between the end of the 
induction period, and the renewal of C3A reaction in the case of 0.5% zinc. This means 
that somehow zinc delays the precipitation of C-S-H and Ca(OH)2 more than it does 
for ettringite. This observation is in agreement with the study of Arliguie et al. [25] 
where the authors concluded that zinc retards the reaction of C3S more than that of C3A. 
This makes it necessary to determine the concentration profiles of SiO4
4- and Al(OH)4
- 
ions in the pore solution of a cement paste containing zinc. 
 
Figure 24. Time difference between the depletion of zincate ions and ettringite precipitation in different 
cement-zinc systems 
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• Even though zinc retards cement hydration at an early age, it acts as a delayed 
accelerator and the cement-zinc systems eventually attain the same degree of hydration 
as the control system. This was concluded from the calorimetry, FT-IR, and SEM 
results. Due to shortage of time, these results have been discussed briefly here and the 
experimental data has been presented in the Appendix. FT-IR spectra showed that the 
control, 0.2%, and 0.5% zinc systems exhibited identical chemical structures after 48 
h of hydration (). Even the evolution of the chemical structure was similar for the three 
systems, and the time delay in the appearance of the polymerized Si-O bond correlated 
very well with the duration of the induction period. Similar results were obtained 
through SEM. Figure 29 and Figure 30 show that both control and 0.2% zinc systems 
look very similar at each study point. Until the end of the induction period, neither the 
control nor the 0.2% zinc system experienced any growth on the cement surface. By 
the time the two systems reached their respective heat flow peaks, there had been 
significant growth of C-S-H on the surface of cement particles. C-S-H continued to 
precipitate on the surface till 48 h which also shows extensive formation of ettringite 
crystals. These results show that the behavior of undoped and doped cement pastes are 
very similar, and zinc does not change the fundamental chemistry of cement hydration.  
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CHAPTER 6: CONCLUSIONS 
 
The primary objective of this study was to shed more light on the influence of zinc on the 
chemistry of cement hydration. A cement paste is an extremely complex system, the chemistry of 
which is still debated. With the addition of zinc, this system becomes even more complex, and 
none of the mechanisms proposed in the literature explains the observed behavior completely. 
Thus, in this study, an extremely useful technique i.e. pore solution analysis was employed to study 
the chemical evolution of a cement-zinc system. Several universal trends were observed during 
the course of the study, and the pivotal conclusions are presented below: 
• The extent of retardation caused by zinc depends on both the dosage and the type of 
zinc species. 
• Zinc hydrolyzes in the pore solution of a cement paste, and there always exists an 
equilibrium between Zn(OH)2 precipitate and the zincate ions, which is determined by 
the pH of the solution.  
• For the same total amount of zinc, the induction period becomes shorter with increasing 
zincate ion concentration. 
• The extension of the induction period due to zinc does not result in a less saturated pore 
solution, which means that the dissolution of cement phases is not affected by the 
presence of zincate ions. This also translates to faster reactions during the main heat 
flow peak in the heat of hydration curve. 
• The OH- concentration plays a bigger role than Ca2+ in the severity of retardation due 
to zinc. Increasing the pH reduces the duration of the induction period significantly. 
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• Zinc affects C3S and C3A hydration differently with the retardation more severe for 
C3S. 
• Zinc acts as a delayed accelerator, and both undoped and doped cement pastes 
eventually attain the same chemical state and degree of hydration. 
Based on these observations, the reaction of Ca2+ ions with the zincate ions to form CZ 
appears to be the main cause of the retardation. In a solution containing Zn2+ ions, when cement is 
added, the pH begins to rise very rapidly, and the solution quickly becomes alkaline. In these 
conditions, the zinc precipitates as Zn(OH)2. Some of this Zn(OH)2 dissolves as zincate ions, and 
an equilibrium is established. As cement phases continue to dissolve, the Ca2+ ions preferentially 
react with the zincate ions to precipitate CZ. The cement phases continue to furnish more Ca2+ 
ions and the precipitation of CZ continues until the concentration of the zincate ions falls below 
the solubility limit of Zn(OH)2, at which point, the reaction of the silicate and aluminate phases 
resumes. The zinc, however, is not completely removed from the solution and a small amount (less 
than the solubility limit of CZ) remains in the system until it is eventually stabilized by the 
hydration products. 
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APPENDIX: HYDRATION PROGRESS 
 
I. FT-IR analysis 
Figure 26, Figure 27, and Figure 28 show the FT-IR spectra for anhydrous cement, control, 
0.2% zinc, and 0.5% zinc systems at certain hydration times. Even though the spectra were 
recorded from 400-4000 cm-1, the wavenumber range of 1600-4000 cm-1 only contains bands 
corresponding to the O-H bond. This region is not suitable to monitor the hydration progress, 
except for the O-H bond in Ca(OH)2 (3645 cm
-1) whose intensity increases with time indicating a 
higher degree of hydration. However, in the systems in consideration, a strong peak was not visible 
in any of the spectra and thus, it could not be used to draw conclusions. 
Each set of spectra in the figures below corresponds to a certain milestone in the heat of 
hydration curve. Figure 26 shows the spectra of the three systems near the end of the induction 
period, Figure 27 shows the spectra near the peak of the heat of hydration curve, and Figure 28 
shows the spectra at 48 h when all three systems had reached a similar degree of hydration. Figure 
25 shows the degree of hydration for all three systems. The principal bands in each figure have 
been labeled with letters and the corresponding assignments are shown in Table 6. However, only 
the bands corresponding to the Si-O bond evolve with time which can be used to monitor the 
hydration progress. 
From the figures, it is evident that all three systems behave very similarly. Up to the end 
of the induction period, all the systems exhibit very strong peaks for the unpolymerized Si-O bond. 
The intensities reduce as the systems reach the peak of the heat of hydration and the Si starts to 
polymerize. This continues till the end of the study period (48 h) when all the systems reach a 
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similar degree of hydration which is also reflected in the nearly identical FT-IR spectra of all three 
systems. 
{References for this section: [22], [48], [49], [50], [51], [52], [53], [54]} 
Table 6. FT-IR band assignments for anhydrous and hydrated cement 
Band Wavenumber (cm-1) Assignment 
a 517 Si-O in SiO4
4- (non-hydrated cement) 
b 800-1000 Si-O in SiO4
4- (non-hydrated cement);  
the sharp peak at 875 corresponds to C-O in CO3
2- 
c ~1115 S-O in SO4
2- 
d ~1435 C-O in CO3
2- 
e ~953 Si-O in C-S-H 
 
 
Figure 25. Cumulative heat evolution vs. time for cement suspensions doped with 0-0.5% ZN 
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Figure 26. FT-IR spectra of cement from the control, 0.2% zinc, and 0.5% zinc systems hydrated till the 
end of the respective induction periods 
 
Figure 27. FT-IR spectra of cement from the control, 0.2% zinc, and 0.5% zinc systems hydrated till the 
peak of the respective heat of hydration curves 
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Figure 28. FT-IR spectra of cement from the control, 0.2% zinc, and 0.5% zinc systems hydrated for 48 h 
II. Microstructure of hydrated cement particles 
Similar to the FT-IR analysis, SEM images were taken of the control and 0.2% zinc systems 
at three junctures during the study period: (i) near the end of the induction period, (ii) near the peak 
of the heat of hydration curve, and (iii) at the end of the study period i.e. 48 h. Figure 29 and Figure 
30 show SEM images of the surface of cement particles obtained from the control and 0.2% zinc 
suspensions respectively. The time of hydration is mentioned on each image. 
As observed before, no precipitation of hydration products occurred till the end of the 
induction period in either of the systems. The cement surface appears to have tiny specks which 
are likely small nucleation sites which formed from initial C-S-H precipitation during stage I of 
the hydration process. Both systems experienced significant surface growth by the time the 
systems reached the maximum heat of hydration. The network of C-S-H fibers is evident from the 
pictures. C-S-H continued to grow, and by 48 h, ettringite crystals were also visible. This is 
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expected as the reaction of C3A with the SO4
2- ions to form ettringite occurs after the main heat of 
hydration peak. The similar microstructures of the two systems reinforce the conclusion that zinc 
is only effective during the induction period, and once it ends, the doped systems behave exactly 
as the undoped system. 
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Figure 29. Microstructure of individual cement particles in the control system hydrated for (a) 3 h, (b) 9 h, 
and (c) 48 h 
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Figure 30. Microstructure of individual cement particles in the cement-0.2% zinc system hydrated for (a) 
9 h, (b) 21 h, and (c) 48 h 
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